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ABSTRACT 
The human voltage-gated proton channel (Hv1(1) or VSDO(2)) plays 
an important role in the human innate immune system. Its 
structure differs considerably from other cation channels. It is 
built solely of a voltage-sensing domain and thus lacks the 
central pore domain, which is essential for other cation 
channels. Here, we determined the solution structure of an N- 
and C-terminal truncated human Hv1 (-Hv1) in the resting state 
by nuclear magnetic resonance (NMR) spectroscopy. -Hv1 
comprises the typical voltage-sensing anti-parallel four-helix 
bundle (S1-S4) preceded by an amphipathic helix (S0). The 
solution structure corresponds to an intermediate state between 
resting and activated forms of voltage sensing domains. 
Furthermore, Zn2+-induced closing of the proton channel -Hv1 was 
studied with two-dimensional NMR spectroscopy, which showed that 
characteristic large scale dynamics of open -Hv1 are absent in 
the closed state of the channel. Additionally, pH-titration 
studies demonstrated that a higher H+ concentration is required 
for the protonation of side chains in the Zn2+-induced closed 
state than in the open state. These observations demonstrate 
both structural and dynamical changes involved in the process of 
voltage gating of the Hv1 channel and, in the future, may help 
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to explain the unique properties of unidirectional conductance 
and the exceptional ion selectivity of the channel.
Page 3 of 46
ACS Paragon Plus Environment
Biochemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4
INTRODUCTION 
Voltage-gated ion channels have a diverse set of biological 
functions. They mediate the action potential, the secretion of 
hormones and neurotransmitters, muscle contractions, the 
cortical reaction of an egg that prevents fertilization by 
multiple sperms, and the transpiration in a plant amongst other 
functions(3). The key feature of voltage gated ion channels is 
their ability to respond to a change in the membrane potential 
by opening or closing the ion permeation pathway through the 
cellular membrane. A special sub-class of ion channels consists 
of proton channels. The proton channels have been identified in 
snail neurons in 1982(4) and the properties of the proton current 
(GvH+) have been described in detail(5, 6), but the cloning of 
these long sought channels had been successful only in 2006(1, 2). 
The voltage gated proton channel, Hv1, is found in many 
different species, from coccolithophores to vertebrates(7). The 
channel is well conserved from primitive chordates to mammals(1, 
2). Hv1 has many important physiological roles in humans, such as 
triggering sperm capacitation(8) and acid extrusion in lung 
epithelial cells(9). It is expressed in immune cells, like 
granulocytes(1, 10) that clear organisms of bacterial pathogens by 
mounting a respiratory burst(11) and provides the charge 
compensation for this process(12, 13). However, Hv1 is also 
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involved in diseases like stroke and cancer. It enhances brain 
damage by facilitating the production of reactive oxygen species 
after ischemic stroke(14). Hv1 overexpression is significantly 
correlated with tumor size in breast cancer(15). Furthermore, a 
shorter isoform of Hv1 is specifically enriched in chronic 
lymphocytic leukemia cells(16) rendering Hv1 as a potential drug 
target(17). 
Voltage-gated cation channels, like Na+, K+, and Ca2+ 
channels, are composed of four subunits with each having six 
transmembrane segments (S1-S6). S5 and S6 form the hydrophilic 
core, while S1 to S4 constitute the voltage sensing domain 
(VSD)(18, 19). In response to a change in membrane potential, four 
VSDs modulate the conductance of the central pore domain(18, 19). 
The Voltage sensing is accomplished by the S4 helix, which 
carries the gating charges. These are positively charged amino 
acid residues that are placed at every third position in the 
helix. An outward movement of S4 leads to an opening of the pore 
domain, which releases ions producing the so-called alpha 
current (for review see Tombola 2006(3)). In addition to the 
alpha current, specific mutations within the voltage sensing 
domain can induce ion flow directly through this domain. For 
example, in Shaker voltage-gated K+ (20-24) and Na+ channels(25, 26) 
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mutations of one or more of the gating charges in S4 can lead to 
a metal cation or a proton current through the VSD, called omega 
or proton current, respectively. This behavior implies that the 
VSD alone can have an ion transfer function that is independent 
of the ion channel pore. The voltage-gated proton channel (Hv1(1) 
or VSDO(2)) is sufficient to reconstitute all properties of the 
described proton current(1, 2, 6, 13, 27-29). 
In contrast to the typical voltage-gated cation channels, 
Hv1 contains only the VSD lacking the central pore domain(1, 2). 
The amino acid sequence of Hv1 is related to the VSD of other 
cation channels(1, 2). Hv1 is a dimer(27, 29, 30) with each subunit 
comprising 273 amino acid residues. Each subunit contains both 
the voltage sensor and the proton pathway(27, 29). N- and C-
terminal regions of the channel are required for the 
dimerization. Interaction between the subunits in the dimer 
gives rise to cooperative gating(31, 32). Nevertheless, N- and C-
terminal truncated, monomeric versions of Hv1 are still able to 
conduct protons(27, 31).
Mechanistically, it has been suggested that in response to 
membrane depolarization(32, 33), S4 moves outward followed by a 
distinct motion of S1 upon channel-opening(33). However, it cannot 
be ruled out that this movement of S1 is a direct consequence of 
the S4 rearrangement. 
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The highly conserved aspartate D1 (Asp112 in human Hv1) is 
responsible for proton selectivity(34). Considering the relatively 
small concentration of protons compared to other cations in the 
physiological buffer (e.g., at pH 7, there are 10-7 M protons 
versus ca 0.15 M Na+)(35), this points out that this selectivity 
filter is extremely efficient. Zn2+ ions inhibit Hv1 by shifting 
the voltage threshold toward positive potentials and slowing the 
speed of channel opening(36), while guanidine derivatives act as 
open channel blockers(37). 
Available atomic resolution information on Hv1 is based on 
the crystal structure of an N-terminal truncated chimera between 
mouse Hv1, Ciona intestinalis voltage-sensing phosphatase (Ci-
VSP), and Saccharomyces cerevisiae transcriptional activator 
GCN4(38). The crystal structure of this chimera comprises the 
typical voltage-sensing anti-parallel four-helix bundle. Here, 
we present the NMR structure of the N- and C-terminal truncated 
human Hv1 (-Hv1) embedded in mixed detergent micelles in the 
presence of Zn2+ and provide Kd values for Zn2+-binding and pKa 
values that are important for proton conductance. 
MATERIALS AND METHODS
a) Expression and purification of human -Hv1
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The human -Hv1 gene has 26 codons, which are rare in 
E. coli. Therefore, the -Hv1 sequence was optimized for E. coli 
expression by the company GENEART, Regensburg, Germany with the 
program GeneOptimizer. The optimized -Hv1 gene was subcloned 
into the pET-28a vector (Novagen) containing a N-terminal His-
tag with a Thrombin cleavage site. The construct was transformed 
into E. coli OverExpress C43(DE3) cells (Lucigen) for protein 
expression. The cells were cultured in Minimal Medium(39) at 18 °C 
and harvested 4 d after induction with 1 mM IPTG. The cells were 
lysed by passing them twice through a Microfluidizer 
(Microfluidics, Model 110S). Inclusion bodies and cell debris 
were removed by centrifugation. The membrane fraction was 
pelleted by centrifugation at 190000g for 1.5 h. -Hv1 was 
extracted from the membranes with 20 mM n-dodecylphosphocholine 
(FC-12) (Anatrace). The extraction mixture was cleared by 
centrifugation at 190000g for 45 min and the FC-12 concentration 
was afterwards reduced to 10 mM by dilution. Nickel-
nitrilotriacetic acid (Ni-NTA) resin (Quiagen) was added to the 
solution and -Hv1 was allowed to bind to the resin for 16 h. 
After binding the resin was washed thoroughly and -Hv1 was 
eluted with 500 mM Imidazole in approx. 95 % purity. The N-
terminal His-Tag was removed by Thrombin (Sigma, from human 
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plasma) cleavage. Thrombin was removed with Benzamidine-
Sepharose (GE Healthcare). The cleaved His-Tag was separated 
from -Hv1 by a second Ni-column. Pure -Hv1 was eluted with 
50mM Imidazole. For NMR measurements the buffer was exchanged by 
a PD-10 column (GE Healthcare) to 2 mM lauryldimethylamine oxide 
(LDAO) (Fluka Analytical), 2 mM FC-12, 20mM MES/BisTris, pH 4.7. 
The sample was finally concentrated to 400 -800 µM -Hv1 and 
approximately 20 mM LDAO and 20 mM FC-12. 
b) NMR spectroscopy
The following NMR samples were produced: [U-99%-15N; 50-%-
2H]-human -Hv1, [U-99%13C,15N; 50-% 2H]-human -Hv1 and [U-
99%13C,15N; 50-% 2H]-human -Hv1 in [U-99%-2H]-LDAO and [U-99%-2H]-
FC-12. Deuterated LDAO was purchased from FB Reagents, 
Cambridge, MA. 
The NMR experiments were recorded at 37 °C on Bruker 600, 
700, and 900 MHz spectrometers equipped with a cryogenic probes. 
The following experiments were recorded: 2D [15N,1H]-TROSY, 
3D TROSY-HNCA, 3D TROSY-MQ/CRINEPT-HN(CO)CA, 3D TROSY-HN(CA)CB, 
3D TROSY-HNCO, 3D TROSY- and HMQC-based 15N-resolved [1H,1H]-
NOESY(40), 3D Co-evolved 15N- or 13C-resolved [1H,1H]-NOESY-HSQC.
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The NMR data were processed and analyzed using NMRPipe, 
NMRDraw(41) and SPARKY (T. D. Goddard and D. G. Kneller, SPARKY 3, 
University of California, San Francisco, CA).
c) Structure calculations 
The program CYANA 3.97(42) was used for structure 
calculations. Distance restraints for structure calculations 
were collected from the 3D 15N- or 13C-resolved NOESY spectra. For 
these NOESY experiments protein samples with perdeuterated LDAO 
and FC-12 were used. Upper limit restraints were calculated from 
cross peak intensities with CYANA. In case of strong cross peak 
overlap these restraints were adjusted manually. In total, 749 
NOE contacts were assigned to proton-proton distances in the 
protein, with 245 intra-residual, 335 sequential, 139 medium-
range (|i-j| < 5), and 30 long-range (|i-j|  5) contacts. 
Dihedral angle restraints predicted from chemical shift data 
with TALOS+(43) were included in the calculations. In total, 152 
dihedral angle restraints were used. Based on secondary chemical 
shift analysis 44 hydrogen bond restraints that are 
characteristic for a helical architecture, were included. For 
regions with missing NMR resonance assignment hydrogen bond 
restraints were included if the region showed a helix in the 
crystal structure of mHv1cc(38), and if a helix was predicted by 
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PSIPRED(44). These were in total 41 restraints for the following 
hydrogen bonds Phe96-Val103, Leu111-Asp112, Ser143-Phe149, 
Glu153-Leu158, Asp174, Trp207-Ile212.
d) Determination of pKa and Kd values 
NMR Titrations with ZnCl2 and NaOH were performed by 
addition of small amounts of concentrated stock solutions to the 
NMR sample. ZnCl2 was dissolved in water and the pH of the 
solution was adjusted to the pH of the -Hv1 sample.
To determine the pKa value of individual amino acids 
2D [15N,1H]-TROSY spectra were recorded at 6 different pH values 
(with Zn2+: pH 5.3, pH 5.7, pH 6.0, pH 6.3, pH 6.8, pH 7.3; 
without Zn2+: pH 5.3, pH 5.8, pH 6.3, pH 6.8, pH 7.2, pH 7.8). 
The chemical shift was plotted versus the pH value. We used 
either the proton or the nitrogen chemical shift, depending on 
which nucleus showed the strongest chemical shift change during 
the titration. We fitted the chemical shift changes observed 
with the Henderson-Hasselbalch equation:
or the corresponding equation if decreasing chemical shift 
values were observed:
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where min is the minimal chemical shift value, max is the 
maximum chemical shift value pH is the pH value of the sample 
and pKa is the fitted pKa value. min and max were included in the 
fit. Fitting was done with the program IGOR Pro 5.02. 
 To determine the Kd value of the Zn2+ binding we recorded 
2D [15N,1H]-TROSY spectra at 6 different ZnCl2 concentrations 
(0 mM, 0.05 mM, 0.25 mM, 0.5 mM, 1mM, 10mM). The majority of 
residues were in slow exchange upon Zn2+-binding. We therefore 
used a similar approach as Latham et al.(45). When the cross peaks 
for the open and Zn2+-bound closed state were assigned we 
determined the fraction -Hv1 bound (fb), which is the intensity 
of the bound cross peak divided by the sum of the intensities 
for the bound and the free cross peak. In case only the Zn2+-
bound cross peak appeared in the course of the titration, we 
simply used the intensity of the bound cross peak (Ib). We 
plotted fb or Ib versus the Zn2+ concentration and fitted with the 
following equation(46):
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Where  is fb or Ib, max is the respective maximum value at 
saturation, [Zn2+]T is the total ZnCl2 concentration, [Hv1]T is 
the total -Hv1 concentration. If possible, we used both methods 
to determine the Kd value and both methods gave similar results. 
The fitting equation is founded on the following model: Without 
Zn2+ the channel is in the open state, upon Zn2+ binding, the 
channel is in the closed state, i.e. at 0 mM Zn2+ the curve 
should cross zero. This however was not always true for -Hv1, 
since already without Zn2+ the channel was in equilibrium between 
the open and closed state. This means that without Zn2+ a cross 
peak at the closed position was present for some residues. In 
such a case we subtracted the intensity at 0 mM Zn2+ from all 
intensity values so that the curve would cross zero. This is 
suitable, since the Kd value depends on the slope, not on the 
absolute intensity values. Again, fitting was done with the 
program IGOR Pro 5.02.
RESULTS 
Sample preparation of a truncated human monomeric Hv1 
Hv1 still conducts protons when the cytoplasmic N- and C-
termini are truncated(27, 29), while the truncation moves the 
equilibrium of Hv1 from a dimeric to a monomeric entity. The 
Page 13 of 46
ACS Paragon Plus Environment
Biochemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
14
truncated construct appeared to be best suitable for solution-
state NMR studies. Besides typical broadening of the NMR spectra 
with increasing molecular weight, the N- and C-terminal 
cytoplasmic domains gave rise to very strong peaks that overlap 
with the weaker signals from the transmembrane domain (data not 
shown). Therefore the N- and C-terminal truncated version of 
human Hv1, -Hv1 covering the segment from Arg83 to Arg226, was 
selected for further studies. As described in details in the 
Method section, stable isotope-labeled -Hv1 was overexpressed 
in Escherichia coli, extracted from the membranes with n-
dodecylphosphocholine (FC-12) and purified using Ni-NTA resin. 
For NMR measurements, nine different detergents and detergent 
mixtures were tested for the full-length Hv1. The conditions 
that gave the highest spectral resolution were used as a 
starting point for -Hv1 and were further modified. Finally, the 
protein was reconstituted in mixed detergent micelles made of 
lauryldimethylamine oxide (LDAO) and FC-12 in a 1:1 ratio. In 
some cases, detergents, including LDAO and FC-12, are known to 
perturb membrane protein structures(47). However, in the chosen 
conditions -Hv1 binds to its antagonist Zn2+ and responds to a 
change in proton concentration, as a proton channel should (see 
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below). Therefore, we are confident that the chosen detergent 
environment does not perturb the -Hv1 structure significantly. 
Fig. 1 2D [15N,1H]-TROSY of 0.5 mM -Hv1 in (a) the absence 
and (b) presence of 10 mM ZnCl2, at pH 5.8, 310 K. The presence 
of 10 mM ZnCl2 yields a much improved spectrum. The spectra were 
recorded on a Bruker 700 MHz spectrometer.
An initial [15N,1H]-TROSY spectrum of 50% deuterated 15N-
labeled -Hv1 (Fig. 1a) shows dispersed cross peaks between 7-
9.5 ppm along the 1H frequency indicative of the presence of a 
tertiary structure, while the broad plop around 8 ppm is 
attributed to the presence of conformational dynamics of the 
helical bundle. In order to stabilize the channel, ZnCl2 was 
added to induce channel closing(36). Indeed, the addition of 10 mM 
ZnCl2 yielded a significantly improved NMR spectrum with sharper, 
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more intense as well as new cross peaks (Fig. 1b), thus building 
the foundation of the structure determination by NMR. 
NMR Structure Determination of Human Monomeric Hv1
High field TROSY-type triple-resonance experiments were 
performed on a 50% deuterated 15N,13C-labeled -Hv1 to obtain the 
70% of backbone resonance assignment. Secondary chemical shift 
analysis, calculated as the difference between the experimental 
chemical shifts and their respective random coil values, 
revealed the presence of five helices comprising residues Phe88-
Leu95 (helix S0), Cys107-Leu124 (S1), Tyr134-Met151 (S2), 
Phe170-Leu188 (S3) and Ala197-Val220 (S4). The presence of 
water-exchange cross peaks in the 15N-resolved [1H,1H]-NOESY 
spectrum (Figure S3) and overall stronger signals (typically 
four times stronger) for the helix S0, when compared to the 
signals of the other helices, suggested that S0 can be exposed 
to solvent or partially attached to a membrane(38). 
For the C-terminal residues from Ile213 to Arg226, two sets 
of cross peaks were observed. Secondary chemical shift analysis 
revealed that the second conformation was less helical 
(Figure S3). In details, secondary chemical shift values > 2 ppm 
(mean C and C’) of at least three consecutive residues were 
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considered as indicative for a helical structure. The resonances 
corresponded to the first conformation showed values > 2 ppm up 
to residue Ile218. In turn, the signals from the second 
conformation showed secondary chemical shits above 2 ppm only up 
to residue Ile213. In addition, the secondary chemical shift 
values for the region Ile213 - Arg223 were always higher for the 
first conformation, indicating that the chemical shifts for the 
second conformation were closer to the random coil values. The 
maximal difference of the secondary chemical shifts between the 
first and second conformations was detected for residue Ile217. 
The difference gets smaller towards the N-terminal direction, 
where both conformations are helical, and towards the C-
terminus, because both conformational states ran down into a 
random coil regime (Figure S3). 
There are also missing assignments comprising residues 
Phe96-Val103, Leu111-Asp112, Ser143-Phe149, Glu153-Leu158, 
Asp174, and Trp207-Ile212 (Figure S3a) as well as the side chain 
H of all Arg residues of helix S4. The missing assignments are 
attributed to a diverse set of dynamics as discussed and 
rationalized in details below (Sup. Info. Discussion).
Distance restraints for the structure calculations were 
collected from 3D 15N- or 13C-resolved NOESY-HSQC spectra. For 
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these NOESY type experiments perdeuterated LDAO and FC-12 were 
employed minimizing overlap between detergent signals and 
signals from the methyl groups of the protein. In total, 749 NOE 
contacts were assigned to proton-proton distances in the 
protein, including 30 contacts between protons separated by more 
than five residues in the protein sequence termed long-range 
restraints (Table 1). 
Table 1 NMR structure determination data and analysis
NMR distance and dihedral 
constraints
Distance constraints
Total NOE 749
Intra-residue (|i-j|=0) 245
Inter-residue
Sequential (|i-j|=1) 335
Medium-range (2  |i-j|  
4)
139
Long-range (|i-j|  5) 30
Hydrogen bond restraintsa 44
Additional Hydrogen bond 
restraintsb
41
Total dihedral-angle restraintsc 152
 76
 76
Structure statistics
CYANA target function (mean  
s.d.) (Å2)
1.83  0.16
Violations (mean  s.d.)
Distance constraint (Å) 0.013  
0.001
Dihedral-angle constraints (°) 0.369  
0.046
Maximum distance constraint 
violation (Å)
0.26  0.04
Maximum dihedral-angle 2.34  0.39
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violation (°)
Deviations from idealized 
geometrye
Bond lengths (Å) 0.0005
Bond angles (°) 0.04
Average pairwise r.m.s. 
deviations (Å)d 
Heavy atoms 1.97 
Backbone atoms 1.38
Ramachandran statisticse
Most favored (%) 81.4
Additionally allowed (%) 13.6
Generously allowed (%) 3.6
Disallowed (%) 1.4
a) based on NMR secondary chemical shift data 
b) based on the crystal structure of mHv1cc and psipred 
prediction
c) dihedral angles from TALOS+(43)
d) from residue 107-153 and 172-206 
e) determined by Procheck(48)
Structure calculations were performed with the program 
CYANA3.97(42) using NOE-based distance restraints and secondary 
chemical shifts-based torsion angle restraints generated by the 
program TALOS+(43) (Table 1). The restraints for -helical 
hydrogen bonds were included if the secondary chemical shift 
analysis revealed a helical structure. We also included “non-
NMR” hydrogen bond restraints for regions with missing 
assignments (i.e., Phe96-Val103, Leu111-Asp112, Ser143-Phe149, 
Glu153-Leu158, Asp174, Trp207-Ile212), if the region showed an 
-helix in the crystal structure of mHv1cc(38), and if it was 
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predicted to be helical by PSIPRED(44). With these restraints, a 
total of 100 conformers were calculated. The ensemble of ten 
conformers with the lowest residual CYANA target functions was 
taken to represent the 3D structure of -Hv1 (Figure 2a; the 
structure has been deposited in the pdb database with the code 
(5OQK)). The 10 representative conformers of -Hv1 have a root 
mean square deviation (r.m.s.d.) of 1.44  0.35 Å for the 
backbone atoms of residues 107-153 and 172-206, show small 
residual constraint violations, and small deviations from ideal 
geometry (Table 1). Therefore, the input data represent a self-
consistent set, and the restraints are well satisfied in the 
calculated representative conformers. 
To investigate the structural influence of the hydrogen 
bonds introduced for -Hv1 regions with missing backbone 
assignment, a structure was calculated without the non-NMR-based 
hydrogen bond restraints. Overall, both calculated structures of 
-Hv1 were similar (Figure S1). The differences were an expected 
increase of disorder and a tendency of helix S4 to form a kink 
in the absence of the non-NMR-based hydrogen bond restraints. 
The presence of such a flexible kink is unlikely, since the C-
terminal half of the kinked helix S4 would be partially exposed 
to solvent, while the C-terminus of -Hv1 would partially be 
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shielded from the solvent, which contradicts the water-exchange 
data (Figure S3e and f). Even though the presence of a kink in 
helix S4 is unlikely, we do observe intermediate scale dynamics 
between a helical and a less helical state for S4 (Sup. Info. 
Discussion). Therefore we consider the presented structure as 
the helical limit of this conformational change. 
The NMR Structure of Human Monomeric Hv1
The solution structure of -Hv1 consists of an expected 
transmembrane anti-parallel four-helix bundle (S1-S4) comprising 
residues Cys107-Leu124 (S1), Tyr134-Met151 (S2), Phe170-Leu188 
(S3) and Ala197-Val220 (S4). The helices are connected by short, 
well-defined loops. This transmembrane domain is preceded by an 
amphipathic helix (S0) comprising residues Phe88-Leu95 that is 
oriented perpendicular to the transmembrane domain while not 
well defined in the lateral orientation indicating a membrane 
surface attachment (Fig. 2). The arginine side chains on helix 
S4, i.e., Arg205 (R1), Arg208 (R2) and Arg211 (R3), are 
important for voltage sensing and channel gating(18) and can form 
salt bridges with Asp112 (the selectivity filter, D1), Glu119 
and Asp174. Since NMR signals are missing for Asp112, Arg208, 
and Arg211 (Sup. Info. Discussion), the side chain conformations 
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are restricted sterically by other residues in the helix 
(intrahelical packing). However, the pairings between charged 
side chains present in the outcome of the CYANA(42) calculations 
are in line with the channel function. The interactions between 
R1/D1, R1/Glu119, and R3/Asp174 are present in the 
representative conformers. R2 could form a salt bridge with 
either of the two aspartates: in the majority of conformers R2 
forms a salt bridge with Asp174 but in 10% of the conformers R2 
pairs with the selectivity filter D1. Other helix-helix 
interactions, as well as helix-detergent interactions, are of 
hydrophobic nature. The bundle is packed tightly at the 
extracellular side, has a wider opening at the intracellular 
side, and has cavities between the helices, substantial enough 
to keep water molecules (Figure S2).
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Fig. 2 a) NMR solution structure of -Hv1 in the closed state, 
due to the presence of 10 mM ZnCl2. The structure is represented 
by a superposition of the 10 conformers with the lowest CYANA 
target function. For each conformer the backbone trace is shown 
and the color changes from the N-terminus to the C-terminus from 
red to blue, respectively. b) Conformer with the lowest CYANA 
target function. Important side chains that are discussed in the 
text are indicated. c) Superposition of the NMR structure 
represented with the conformer with the lowest CYANA target 
function (grey) with the crystal structure of mHv1cc (pdb: 3WKV) 
(red/green). The parts of mouse Hv1 that were exchanged to parts 
of Saccharomyces cerevisiae GCN4 and Ciona intestinalis VSP are 
shown in green. Figures of the structures were created with the 
program PyMOL for Mac (The PyMOL Molecular Graphics System, 
Version 2.0.7 Schrödinger, LLC).
Anticipated structural changes between the open and closed 
states of -Hv1
Addition of Zn2+ shifts the equilibrium towards the closed 
state of the proton channel and slows down the speed of channel 
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opening(36). Thus, the effect of ZnCl2 on -Hv1 was studied using 
2D [15N,1H]-TROSY experiments. Three kinds of spectral changes 
were observed upon ZnCl2 titration: (i) for some N-H moieties 
(exemplified for G199 in Fig. 3) the cross peak detected in the 
absence of ZnCl2 lost intensity with increasing amounts of ZnCl2 
while a new cross peak appeared. This phenomenon is attributed 
to slow conformational exchange dynamics between the open and 
the closed state with an estimated exchange rate of slower than 
190 s-1 (Table S1). (ii) At least 21 new cross peaks appeared in 
the spectra upon addition of ZnCl2 (exemplified by F195 in Fig. 
3) supposedly due to a suppression of conformational exchange in 
intermediate time scale in the closed state, that broadened the 
signals in the open state. (iii) An increase of intensities of 
the cross-peaks upon ZnCl2 titration was detected as exemplified 
for N133 in Fig. 3. Thus, at 10 mM Zn2+, we found on average a 
doubling of the cross peak intensity, with values going up to a 
seven-fold increase for some signals (Figure S3b). This 
intensity increase was most pronounced in the regions Val116-
Tyr141 and Asp185-Phe195 that match well with the Zn2+ binding 
site reported in the crystal structure of mHv1cc(38). In the 
nomenclature of human Hv1, the Zn2+ binding site suggested in the 
crystal structure consisted of residues Glu119, Asp123, His140, 
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and supposedly His193(38). However, the position of His193 is 
uncertain in the x-ray structure(38), while in the NMR structure 
His193 is too far away from the other three coordinating 
residues to contribute to the same Zn2+ binding (see Discussion). 
The NMR data therefore rather indicate the presence of two 
distinct Zn2+ binding sites, which is in line with proton current 
and fluorescence measurements(49): one Zn2+ binding site is 
centered around His140 and another one around His193.
Furthermore, upon Zn2+ addition, chemical shift changes were 
observed in all four transmembrane helices. Chemical shifts at 
the flexible N- and C-termini were the least affected by Zn2+ 
addition. The chemical shift changes indicate that upon Zn2+ 
binding, the helical bundle undergoes a major structural 
rearrangement. 
Next, the thermodynamics of the Zn2+ binding were analyzed. 
For spectral changes upon Zn2+-binding that correspond to slow 
exchange between conformational states, we used an approach, 
similar to Latham et al.(45), and examined the dependence of the 
Zn2+-bound fraction of -Hv1 on the Zn2+ concentration (see 
Methods). In the cases where the fractional intensity could not 
be determined due to a missing or unassigned cross peak in the 
Zn2+-free state, we analyzed the dependence of the cross peak 
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intensity in Zn2+-bound state on the Zn2+ concentration. Based on 
Kd values of the Zn2+ binding calculated for individual N-H 
moieties (Table S2) and the previous suggestion of the existence 
of two Zn2+ binding sites(49), we distinguished between two Zn2+ 
binding regions in the solution NMR structure of -Hv1. The 
first region contains residues in close proximity to His140 and 
two other Zn-coordinating residues, Glu119 and Asp123 (A118-
I126). An average Kd value of analyzable N-H moieties in the 
first region is 130 µM (for individual values see Table S2 and 
Figure S4). The second region includes residues that are close 
to His193 and located in the flexible loop S1-S2 and the loop 
S3-S4. The average Kd value for analyzable N-H moieties in the 
second region is 210 µM that is close to the Kd value of His193 
(i.e., 194 µM). The Kd value of analyzable residues located close 
to the inner vestibule was 150 µM. The Kd values of analyzable 
residues in the S4 helix showed high variability, and the 
average Kd was 170 µM that is close to a mean value for the 
first and second regions. The average Kd value over the whole 
protein, except the flexible N- and C-termini, was 180 µM. While 
the differences between the Kd values can appear due to 
measurement uncertainties, the distinction of region-averaged Kd 
values showed reasonable correlation with the solution NMR 
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structure of the channel. Thus, the differences can be explained 
by a (at least) two-step Zn2+ binding either to independent 
binding sites (supposedly at His140 and His193 as has been 
inferred from proton current and fluorescence measurements(49), 
but was not confirmed by the crystal structure) or to the same 
site centered around His140 with inclusion (coordination) of 
His193 only at higher Zn2+ concentrations. 
Fig. 3 Structural changes induced by closing the channel through 
ZnCl2 Titration. a) Intensity ratio (IR) of cross peaks in the 2D 
[15N,1H]-TROSY with and without ZnCl2 mapped on the NMR-structure 
of -Hv1. Red: Cross peak not present without ZnCl2, 
Orange: IR > 5, Green:  5 > IR > 1.8, Blue: IR < 1.8, Yellow: 
Slow exchange, two peaks. Grey: not analyzable. The lower 
structure corresponds to the upper structure rotated by 120° on 
a vertical axis. (Stereo view in Figure S7) b) Combined 1H- and 
15N-chemical shift deviations (CSD) ((HN) = 
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((1H)2+(0.1(15N))2)0.5) induced by an addition of 10 mM ZnCl2, 
mapped on the NMR-structure of -Hv1. Red: Cross peak not 
present without ZnCl2, Orange: CSD > 0.05, Green:  
0.05 > CSD > 0.03, Blue: CSD < 0.03, Grey: not analyzable. The 
lower structure corresponds to the upper structure rotated by 
120° on a vertical axis. (Stereo view in Figure S7) c) Spectral 
regions of the 2D [15N,1H]-TROSY of -Hv1 without ZnCl2 (blue), 
with 0.25 mM ZnCl2 (green), with 0.5 mM ZnCl2 (orange) and with 
10 mM ZnCl2 (red) as indicated. For reasons of clarity, N133 was 
plotted with higher counter levels than F195 and G199. d) Plot 
representation of the cross peak intensity minus the value at 
0 mM ZnCl2 versus the ZnCl2 concentration for N133, of the cross 
peak intensity versus the ZnCl2 concentration for F195, and of 
the fraction bound (intensity of the bound cross peak divided by 
the sum of the intensities for the bound and the free cross 
peak) versus the ZnCl2 concentration for G199. For Kd 
determination the data were fit using an equation for a 2nd order 
reaction (see Methods).
Monitoring H+ ligand binding by pH Titration 
To get insights into the H+-ligand binding of the proton 
channel -Hv1, the pH-dependency of chemical shifts was 
monitored using [15N,1H]-TROSY experiments. This monitoring is 
sensitive to local (de)protonation events (i.e., His, Asp, Glu) 
yielding individual pKs and reflects both local electrostatic 
changes and structural rearrangements upon (de)protonation. 
Since protonation of the histidine side chains His140 and His193 
affects Zn2+-binding, the pH titration was performed both in the 
presence and absence of Zn2+.
At 1 mM Zn2+ concentration and pH 5.8, positions of all 
cross peaks correspond to the Zn2+-bound state, while at pH 5.3 
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there is a set of minor cross peaks that represent the Zn2+-free 
state (Figure S5). Therefore, we assumed that lowering the pH 
weakened the Zn2+ binding because of the protonation of the two 
histidines involved (i.e., His193 and His140). 
In the presence of 10 mM Zn2+, the perturbation of chemical 
shifts upon change of pH reflects fast (i.e., faster than ms) 
exchange between the channel states, as exemplified in Figure 4 
for the four 15N-1H moieties of Leu114 in S1, His193, Gly199 and 
the indole of Trp207 covering partly helix S4. Using the 
Henderson-Hasselbalch equation, for His193 and Gly199 pK’s of 
5.6 and 6.2 were determined, respectively. These pK values 
probably indicate the titration of Zn2+-coordinated residues 
His140 and His193, since the pKa’s are somewhat lower or close to 
the pKa of a free Histidine (i.e., 6.2). The pKa value of Trp207 
was 6.7, while the one of Leu114 was 5.7, respectively. The 
overall range of pKa values in the Zn2+-bound channel was from 
below 5.5 to 7.0 (Table S3). 
Next, the pH titration was performed on -Hv1 in the 
absence of Zn2+ as demonstrated again for the four residues 
mentioned above (Figure 4). The pKa’s determined in the absence 
of Zn2+ for His193 and Gly199 were 6.8 and 6.2, respectively, 
indicating sensitivity to the protonation of the nearby 
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Histidine side chains at lower H+ concentrations. For Trp207, a 
pKa of 7.0 was observed, and for L114, a pKa of ~ 6.7 was 
measured (Figure 4). In addition, the second conformation of 
W207 appeared at low pH, indicating W207 sensitivity to a side 
chain residue with a pKa around 6 (evaluated qualitatively). The 
overall range of pKa values for the channel without Zn2+ was from 
6.1 to 7. 
In general, the pKa values were higher in the absence of 
Zn2+. This can indicate that in the absence of Zn2+ local pH in 
the channel was lower, i.e., more protons were present in the 
channel as is expected for an H+ channel that is ready for 
conductance. Overall, the range of pKa values was larger in the 
presence of Zn2+. This could be due to the lower pKa values of 
some groups participating in Zn2+-binding, or due to the 
observation of more diverse local protonation events, because of 
the fixed, closed state of the channel. In the absence of Zn2+, 
the channel is not fixed in one conformation so we might have 
seen time- and ensemble-averaged global effects upon pH change.
Without Zn2+, which is the state of interest for proton 
channeling, 15N-1H signals from all residues respond to events 
with relatively high pKa values close to 7. This shows nicely, 
that within the range of physiological pH values, H+-ions can 
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protonate the salt bridge network of -Hv1 and thereby are able 
to travel through the channel. 
Fig. 4 pH Titration and pKa value determination of L114, H193, 
G199 and W207, a, b, c without Zn2+, d, e, f with 10 mM Zn2+. a, d 
Plot representation of the 1H or 15N chemical shift versus the pH 
value. The data were fit for pKa determination using the 
Henderson-Hasselbalch equation. b, e Combined 1H- and 15N-
chemical shift deviations (CSD) ((HN) = 
((1H)2+(0.1(15N))2)0.5) induced by a pH-jump from pH 5.3 to 
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pH 7.2 (b), or pH 5.3 to pH 7.3 (e), mapped on the NMR-structure 
of -Hv1. Orange: CSD > 0.15, Green:  0.15 > CSD > 0.08. Blue: 
CSD < 0.08, Grey: not analyzable. The lower structure 
corresponds to the upper structure rotated by 120° on a vertical 
axis. (Stereo view in Figure S8) c, f Spectral regions of the 2D 
[15N,1H]-TROSY of -Hv1 for L114, H193, G199 and W207 at four 
different pH-values: c: pH 5.4, pH 6.1, pH 7.0, pH 7.7; f: 
pH 5.3, pH 6.0, pH 6.8, pH 7.3. The spectra were recorded on a 
Bruker 700 MHz spectrometer at a temperature of 310 K. In the 
beginning of the titration the sample concentration was 
0.2 mM -Hv1 for c and 0.5 mM -Hv1 with 10 mM ZnCl2 for f.
DISCUSSION
Comparison of the solution structure of -Hv1 to the crystal 
structures of mHv1cc(38) and other voltage sensing domains
Reported X-ray structures of VSDs provide high-quality 
details of the proteins in static conformations, which were 
functionally classified as corresponding to either resting state 
or activated state. In contrast, the NMR structure reflects the 
dynamic nature of -Hv1 in our model system and the protein’s 
functionally relevant responses to natural stimuli. Therefore, a 
comparison between the dynamic NMR structure with the static X-
ray structures rather outlines the functional state of the NMR 
structure than discusses the quality or resolution of the 
structures.
Compared to the crystal structure of mHv1cc(38), the helices 
S1 and S2 are shifted down in the NMR solution structure of -
Hv1, relative to the helices S3 and S4. While S1 is shifted down 
with respect to S4 by 4 to 5 residues (~6Å), S2 is shifted down 
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with respect to S3 by 10 to 11 residues (~16 Å) (Figure 2c, 
Figure 5b and 5c). In the mHv1cc(38) construct the region from the 
middle of S2 up to the middle of S3 was replaced with the 
corresponding region from Ciona intestinalis voltage sensing 
phosphatase (Ci-VSP; see Figure 2c). In this area, the major 
differences between the solution and the crystal structures 
occur. In addition, the NMR signals in this region of -Hv1 are 
weak or absent, indicating the presence of dynamics. It seems 
that the Ci-VSP loop may have stabilized a less flexible 
conformation prone to crystallization. Indeed, the authors of 
the crystal structure(38) argue, that there exist multiple resting 
states(50) in Hv1, as also supported by the two sets of the 
signals observed by NMR at the C-terminal part of helix S4 and 
the side chain of Trp207 in -Hv1. The crystal structure of 
mHv1cc supposedly represents an intermediate resting state(51). 
The structure determined by NMR at near atomic resolution (Fig. 
2) is also rather in an intermediate closed state.
Comparing the x-ray structure with the NMR structure in 
details, the observed shift of S1 and S2 results in an alternate 
position of the gating charges with respect to the position of 
the highly conserved Phe150. This Phenylalanine residue is 
located on S2 and builds the proposed hydrophobic “cap” on the 
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gating charge transfer center of voltage sensors(52) (Figure 5). 
We will refer to Phe150 and the corresponding aromatic residues 
in other voltage sensing domains as ARO1. In the NMR structure 
presented (Figure 5a) ARO1 is on a level between R2 and R3 
(please note, that the exact side chain position of the gating 
charges cannot be given, since only the top and bottom of S4 
were defined with long-range distance restraints and so only the 
backbone trace can be reliably given. Nevertheless, over the 
ensemble of ten structures with the lowest energy, the backbone 
trace and the side chain of ARO1 is on average closest to R2). 
In contrast, in the crystal structure, the backbone position of 
ARO1 is on the level with R1 while its side chain is between R1 
and R2, pointing towards R2. In the two other resting state 
structures of voltage sensor domains (Ci-VSD wt(53) and AtTPC1(54) 
in Figures 5e and d), ARO1 is on the level with or slightly 
above R1, with no interaction between ARO1 and R2. Therefore, the 
crystal structure of mHv1cc appears somehow as an intermediate 
between the NMR structure presented and the Ci-VSP structure, 
which is not surprising since mHv1cc contains the Ci-VSP insert 
that may force mHv1cc into the Ci-VSP structure with presumably 
a more stable conformation in the closed state. In structures of 
activated voltage sensor domains (4DXW(55), 2R9R(56), 1ORS(57)) ARO1 
is usually below R3. Only in the sodium channel NavAB(58) (3RVY) 
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it is slightly above R3, and in Ci-VSD R217E(53) it is on the same 
level as R2. Based on this comparison, the position of ARO1 
relative to R2 in the NMR structure of -Hv1 corresponds to the 
borderline conformational state between resting and activated 
voltage-sensing domains. In Ci-VSP, the difference between 
resting (wt) and activated (R217E) states is a one helical turn 
shift of S4 relative to ARO1(53). Assuming a similar movement in 
Hv1, in the supposed activated state structure of Hv1 ARO1 would 
be below R3, as it is observed in the majority of activated 
state structures. 
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Fig. 5 Comparison of different voltage sensor domain structures 
in resting (a-e) and activated (f-g) state in ribbon 
representation. PDB codes are given in brackets. The side chains 
of the gating Arginies (R0-R3) are shown in blue, of the 
aromatic cap (ARO1) in yellow and of the selectivity filter (D1, 
or corresponding to that N1 or S1) in red. a) Superposition of 
one model of the NMR solution structure of -Hv1 (grey) with the 
crystal structure of mHV1cc (red/green). b) NMR solution 
structure of -Hv1. c) Crystal structure of the chimeric proton 
channel mHV1cc(38). d) Crystal structure of the voltage sensor 
domain II of the Arabidopsis thaliana two-pore channel 1 
(AtTCP1II)(54). e) Crystal structure of the voltage sensor domain 
of the wild type Ciona intestinalis voltage sensing phosphatase 
(Ci-VSD WT)(53). f) Crystal structure of the voltage sensor domain 
of the R217E mutant of Ciona intestinalis voltage sensing 
phosphatase (Ci-VSD R217E)(53). g) Crystal structure of the 
voltage sensor domain of Arcobacter butzleri voltage gated 
sodium channel (NavAb)(58). h) Crystal structure of the voltage 
sensor domain of alphaproteobacterium HIMB114 voltage gated 
sodium channel (NavRh VSD)(55). i) Crystal structure of the 
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voltage sensor domain of a chimeric voltage-dependant K+ channel 
(Kv1.2-2.1 VSD)(56). j) Crystal structure of the voltage sensor 
domain of the voltage-dependant K+ channel from Aeropyrum pernix 
(KvAP VSD)(57). Figures were created with the program PyMOL for 
Mac (The PyMOL Molecular Graphics System, Version 2.0.7 
Schrödinger, LLC).
Finally, the entirety of NMR data indicates a different 
model of Zn2+ binding than was suggested basing on the x-ray 
structure(38). A single Zn2+ ion was identified in the electron 
density map(38), and among the resolved residues in the x-ray 
structure capable of Zn2+ binding, only His140 was close enough 
to form a complex bond(38). In the x-ray structure, Glu119 and 
Asp123 were also close to the Zn2+-ion but were too far away to 
make direct contact. These negatively charged residues were 
perhaps involved in coordinating water molecules around the Zn2+ 
ion(38). The location of His193 was not defined, but the authors 
assumed(38) that the His193 side chain is close enough to His140 
to participate in the Zn2+ binding. We added a random 
conformation of the missing loop containing His193 into the 
crystal structure. In this random conformation, His193 was 
further away from His140 than Glu119 and Asp123, which makes 
direct Zn2+ binding of both His140 and His193 to the same Zn2+ ion 
rather unlikely. In the presented NMR structure His193 is also 
too far away to join in a common Zn2+-coordination with Glu119, 
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Asp123, and His140 (the distance between the Cs of His140 and 
H193 is 15.6  2.4 Å). We, therefore, propose an existence of two 
distinct Zn2+-binding sites, one including residues Glu119, 
Asp123 and His140, and another around His193 including possibly 
E192 and E196 and perhaps Q191 and Q194. In support of this 
suggestion, the Zn2+ titration study showed slightly different Kd 
values for His193 and His140 (Table S2). Electrophysiological 
studies also indicate the binding of two Zn2+ at two distinct 
sites(49).
Proton conduction of Hv1
The presented NMR data support several models of proton 
conduction of Hv1. For example, Chamberlin et al.(59) suggest that 
strong interactions of a salt bridge network together with the 
hydrophobic cap prevent proton permeation in the closed state, 
while weaker interactions in the open state allow protons to 
pass through the channel. This is supported by the pKa values 
determined by NMR, which are higher in the open than in the 
closed, Zn2+-bound state. This means, that in the open state at 
physiological pH values, H+-ions can protonate the salt bridge 
network of -Hv1 and thereby are able to travel through the 
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channel. In the closed state the side chains are not readily 
protonated and H+-conductance is hindered. 
Conclusion
In conclusion, the NMR solution structure of an N- and C-
terminal truncated version of human Hv1 in the presence of Zn2+ 
in the resting state is described and accompanied with pH and 
Zn2+ titration studies that reveal Kd and pKa values of individual 
residues. The presented NMR structure together with a crystal 
structure of a chimera of Hv1 and the voltage sensing domain(38), 
which shows the electrophysiological characteristics of a proton 
channel, are the first atomic resolution structures of this 
class of proton channels. The NMR studies supported a Zn2+-
binding model to two independent Zn2+-binding sites. Further, the 
pKa values demonstrated a higher abundance of protons in the 
channel in the activated state and the ability of H+-ions to 
protonate the salt bridge network of -Hv1 at physiological pH. 
Supporting Information
Figure S1 NMR solution structure of -Hv1, calculated with and 
without not NMR-data based hydrogen bonds.
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Figure S2 Cleft analysis and water accessible surface of -Hv1.
Figure S3 Different NMR observables plotted versus the residue 
number of -Hv1.
Table S1 1H and 15N frequency difference of cross peaks in the 
slow exchange regime in the 2D [15N,1H]-TROSY spectra.
Table S2 Kd values of -Hv1 binding to Zn2+ listed for individual 
residues.
Figure S4 Box plot with the distribution of the Kd values for different groups of residues. 
Table S3 pKa values of -Hv1 in the presence and absence of Zn2+ 
listed for individual residues.
Figure S5 Spectral regions of the 2D [15N,1H]-TROSY of residue 
G199 of -Hv1 at different pH and Zn2+-concentrations.
Figure S6 Similar to Fig. 4 extended by data for D123, H140 and 
G215. 
Figure S7 Stereo Views of Fig. 3a,b.
Figure S8 Stereo Views of Fig. 4b,e.
Discussion: Missing assignments.
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